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Organic compounds can enhance the hygroscopic properties of insoluble dust particles 
and thereby affect their cloud condensation nuclei activity in the atmosphere. In this study, 
Arizona Test Dust (ATD) particles were exposed to oxidized organic vapors from the 
ozonolysis of α-pinene in a laboratory chamber. The particle size-dependent morphology, 
inorganic and organic composition and hygroscopic properties were studied. The dust 
consisted of particles with a range of morphologies from spherical to geometrical, with 
a size range from 50 nm to 1 µm. Exposure to oxidized organics resulted in a separate 
mode of secondary organic aerosol (SOA) particles with size ranging below 100 nm and 
a well-mixed ATD + SOA mode at larger sizes. The O:C mole ratio for the organics pro-
duced from α-pinene ozonolysis was stable at 0.4 ± 0.05 in all experiments. The results 
showed that the hygroscopicities of the ATD particles with a diameter of 100–150 nm 
were enhanced by a factor of four with the addition of SOA, corresponding to a particulate 
organic volume fraction of ~0.6 and an average k of 0.09.
Introduction
Atmospheric particulate matter contains dust and 
organic matter from natural emission sources 
such as deserts and forests. Several laboratory 
and field investigations have been performed 
to elucidate the role that organic aerosol (e.g., 
Jimenez et al. 2009) and dust (Kumar et al. 
2011) play separately as cloud condensation 
nuclei (CCN) in the atmosphere. However, 
understanding the combined role of dust and 
organics in aerosol–cloud interactions is needed 
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in order to determine their present and future 
impacts on climate (IPCC 2007). This may be 
particularly important for boreal-forest regions, 
which are characterized by high levels of sec-
ondary organic aerosol (SOA) precursor gases 
such as monoterpenes (Hakola et al. 2003), clean 
conditions with few anthropogenic sources, and, 
in some locales, incursions of long-range-trans-
ported dust. Examples of the latter include trans-
Pacific dust events that originate in the Gobi 
and Takla Makan deserts in Asia and impact the 
Pacific Northwest region of North America (e.g. 
Leaitch et al. 2003). Dust from these and other 
Asian deserts is very likely to be occasionally 
transported to Siberian forests as well. Monoter-
penes are of course emitted from other types of 
biomes as well, some of which are located in 
close proximity to deserts.
By measuring hygroscopicity we gain infor-
mation on aerosol cloud-droplet activation prop-
erties as well as on certain physico-chemical 
properties such as composition (Petters and 
Kreidenweis 2007, Keskinen et al. 2013). Inor-
ganic mineral and dust particles are not very 
hygroscopic but they still have ability to act as 
cloud condensation nuclei (e.g. Vlasenko et al. 
2005, 2006, Herich et al. 2009, Kumar et al. 
2009, 2011, Koehler et al. 2009). A recent study 
by Kumar et al. (2011) focused on the CCN 
activity of fresh dust particles from multiple 
sources (e.g., Arizona and Sahara). Their major 
finding was that freshly-emitted dust and mineral 
aerosols could act as CCN through the effects 
of water adsorption alone. Specifically, they 
showed that 100 nm dust particles can exhibit 
comparable hygroscopicity to organic species 
or to a particle with an ammonium sulfate (AS) 
volume fraction of 0.1. Besides salt, atmos-
pheric particles contain organics (Jimenez et al., 
2009, Halquist et al. 2009). SOA itself, e.g., that 
formed by α-pinene oxidation, is also known to 
be hygroscopic (Jimenez et al. 2009, Saathof et 
al. 2003). In the atmosphere, organic matter can 
heterogeneously coat solid particles and thus 
affect the hygroscopic properties and cloud drop-
let activation of these particles. For example, 
the hygroscopicity of nanoscale soot agglom-
erates increases by the uptake of organics, up 
to the hygroscopicity of pure SOA (Saathof et 
al. 2003). In addition, Hatch et al. (2008) and 
Gierlus et al. (2011) observed an increase in the 
hygroscopicity of pure calcite nanoparticles by 
organic acids. Though the impact of SOA-coated 
dust on cold cloud formation has been studied 
(Koehler et al. 2010), to our knowledge labora-
tory studies focusing on its impacts on warm 
cloud formation have not yet been performed.
In this study, we measured the hygroscopic-
ity of well-defined Arizona Test Dust (ATD) 
seed particles exposed to SOA from the ozonoly-
sis of α-pinene in the Kuopio aerosol research 
chamber (Hao et al. 2011). We report SOA 
coating amount and its effect on ATD hygro-
scopicity. The overarching scientific goal of this 
study is to improve understanding of the interac-
tions between suspended dust and condensable 
organic compounds, and the role that the uptake 
of organics may play in warm cloud formation in 
regions such as the boreal forest. In addition to 
studying the hygroscopicity of SOA-coated dust, 
we will also determine the degree to which par-
ticulate mass increases as a result. This increased 
growth rate has implications for CCN activation, 
since larger particles are more effective conden-
sation nuclei. In addition, dust particles inside 
cloud droplets may cause immersion freezing if 
the droplets become cold enough. If a SOA coat-
ing were to increase the hygroscopicity of a dust 
particle, it is more likely that it would form a 
cloud droplet. In this manner, a SOA coating on 
dust may increase the probability of the occur-
rence of immersion freezing.
Experimental methods
We used the Kuopio 6 m3 aerosol chamber to 
coat the ATD nanoparticles with SOA formed 
from α-pinene ozonolysis. The ATD particles 
were generated from an aqueous suspension by 
a collision-type atomizer (model 3076, TSI, Inc., 
USA). The solid content in the water suspen-
sion of ATD (0–3 µm, Powder Technology, Inc., 
USA) was set to 0.1 wt%. The produced aerosol 
was fed into a diffusion drier consisting of a 
porous tube surrounded by silica gel, resulting in 
relative humidity (RH) below 5%.
The samples for electron microscopy were 
collected on perforated carbon–copper grids (300 
Mesh Cu, Agar Scientific, UK) by depositing 
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drops of diluted suspension (0.005 wt%) directly 
on the grid, and drying under atmospheric condi-
tions. In separate investigations, we produced 
atomized aerosol as described in the previous 
paragraph and collected those particles on a grid 
for comparison with the particles created from 
droplets. The grids containing the atomized par-
ticles captured far fewer particles, so we chose 
the droplet method for spectroscopic analysis. 
However, in comparing individual particles cre-
ated by both techniques we could find no sig-
nificant differences in either their morphology or 
composition.
The morphology and crystallinity of the ATD 
particles were studied by transmission electron 
microscopy (TEM) (model JEM 2100F, JEOL 
Ltd., Japan) operated at 200 kV acceleration 
voltage. The primary particle size was estimated 
from TEM micrographs using ImageJ software 
(National Institutes of Health, USA). The ele-
mental composition of the particles was ana-
lysed using energy dispersive X-ray spectroscopy 
(EDS) in spot analysis mode. In order to spatially 
resolve the elemental composition of particles 
from that of the background, a spectral image 
consisting of an elemental spectrum obtained for 
a 725 nm ¥ 725 nm region with a 2.8 nm pixel–1 
resolution was acquired from a representative 
particle. Fifty frames with 0.5 ms dwell time were 
collected in scanning mode of TEM. Two princi-
pal components were resolved from the spectral 
image using the multivariate statistical analysis 
tool of the EDS analyser software (NORAN 
System 7, Thermo Scientific, USA). By using the 
principal components, joint spectra of the particle 
and the background were constructed.
Before each chamber experiment, the aerosol 
chamber was flushed and filled with pure fil-
tered, dry air. Next, the ATD particles were intro-
duced into the chamber and diluted achieving 
the desired concentration (~104 cm–3). Following 
this, 2 µl of α-pinene was injected into the cham-
ber, resulting in a measured gas phase concentra-
tion of 33 ± 1 ppb. After 15 min mixing time, 
ozone enriched air (1.5 ppm at 30 l min–1) was 
introduced into the chamber to achieve ozone 
concentration of 50 ± 10 ppb to initiate oxida-
tion. Ozone was generated by a UV lamp O3 
generator. About 40% of α-pinene was reacted 
in 30 minutes after the ozone addition based on 
the volatile organic compounds (VOC) analysis. 
Following this, all flows into the chamber were 
turned off and chamber volume was slowly 
decreased by the flow required by the instru-
ments (10.4 l min–1). The experiments were per-
formed for about four hours, which includes 
the time require for stabilizing the seed particle 
concentration. In all experiments, NOx was 3 ± 
0.5 ppb (i.e. low NOx conditions), temperature 
was 25 ± 2 °C, and RH was 5% ± 2%.
VOCs were collected onto Tenax TA adsor-
bent (mesh 60/80, Supelco Analytical, USA) for 
10 minutes with an air flow through the sample 
tube of 200 ml min–1. The trapped compounds 
were analyzed with a thermal desorption unit 
(model ATD400 Automatic Thermal Desorption 
System, Perkin-Elmer Inc., USA) coupled to a 
gas chromatograph-mass spectrometer (models 
GC 6890 and MSD 5973, Hewlett Packard 
Corp., USA). The compounds were identified by 
comparing their mass spectra with those in the 
Wiley 275.L mass spectral library and with pure 
standards. Details on the analysis of VOCs can 
be found elsewhere (Vuorinen et al. 2004).
During the experiment, the particle size dis-
tribution was monitored by a scanning mobility 
particle sizer (SMPS) consisting of a model 
3081 differential mobility analyzer and model 
3785 condensation particle counter (TSI, Inc., 
USA). Aerosol number concentration was also 
measured with a condensation particle counter 
(CPC, model 3025, TSI, Inc., USA). The SMPS 
measurements covered the mobility diameter 
range of 9–370 nm. Real-time aerosol chemi-
cal composition over the vacuum aerodynamic 
diameter range from 50 to 1000 nm was meas-
ured by Aerodyne High Resolution Time-Of-
Flight Aerosol Mass Spectrometer (HR-TOF-
AMS, Jayne et al. 2000, DeCarlo et al. 2006) 
using the standard 600 °C vaporizer temperature. 
Sulphate, organics, ammonium and nitrate mass 
loadings were determined from the mass spectra, 
and O:C ratios were derived using the procedure 
of Aiken et al. (2008). Size-resolved CCN activ-
ity was measured using a CCN counter (model 
CCN-100, Droplet Measurements Technologies, 
USA). The CCN counter was operated using 
Scanning Mobility CCN Analysis developed by 
Moore and Nenes (2009), covering the dry parti-
cle diameter range from 30 to 200 nm.
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In this study, hygroscopicity is represented 
from CCN measurements using the k-Köhler 
theory (Petters and Kreidenweis 2007), recog-
nizing that a number of assumptions are made in 
applying Köhler theory to cloud droplet activa-
tion (Seinfeld and Pandis 2006). In spite of these 
assumptions, k-Köhler theory is widely used 
both in reporting aerosol hygroscopicity meas-
urements and also in the modelling of aerosol 
properties in large scale models. All references 
in this manuscript regarding hygroscopicity refer 
directly to kCCN defined as follows:
 , (1)
where σw is the water surface tension, Mw is the 
molecular weight of the water, R is the ideal gas 
constant, T is the temperature (K), rw is the den-
sity of the liquid water, ddry is the dry diameter 
of particles selected for analysis, and Sc is the 
critical supersaturation for each dry diameter. 
The volume fraction of organics (εo) was derived 
from CCN measurements by assuming a “two-
component” particle (Keskinen et al. 2013) con-
sisting of organics (o) and ATD (d):
 , (2)
where k is the combined overall (measured) 
hygroscopicity, kd is the hygroscopicity for dust 
and ko for organic compounds. In our calculation 
we used the measured kd and the ko for organ-
ics based on the AMS-measured oxidation state 
(Massoli et al. 2010).
For comparison, we also determined an aver-
age organic volume fraction (fov) from AMS 
results and volume size distributions measured 
with the SMPS. fov was determined as a ratio 
of AMS organic volume (Vo) and SMPS total 
volume (Vtot), i.e. fov = Vo/Vtot. The density of 1.4 
(α-pinene ozonolysis product) was used for the 
AMS organic volume calculation (Kostenidou 
2007). Note that the determination of particle 
volume from the number size distribution is not 
very accurate, especially for large particles due 
to low number concentrations, and thus there 
may be higher uncertainties associated with fov.
Results and discussion
The uncoated ATD particles had typically 
diverse shapes from spheres to polygon sym-
metries (Fig. 1a). The individual particle size 
measured from TEM-micrographs varied from 
50 nm to approximately 1 µm (see for example 
Figs. 1b and 2a). In addition, the particles were 
found crystalline (Fig. 1b). The ATD particles 
were mainly composed of Si, O, and C, deter-
mined using the EDS spot analysis. However, 
trace amounts (mass fraction below 2%) of Al, 
Fe, Ca, K and Mg were also detected in various 
Fig. 1. (a) tem micro-
graphs from the atD dust 
particles lying on the per-
forated carbon substrate, 
showing a closed form 
but heterogeneous size 
and shape. (b) Diffraction 
pattern from the selected 
area (white circle) of a 
large particle, showing 
that the particle is crys-
talline.
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particles. A typical example of the composition 
is shown in Fig. 2b (left-hand side) showing the 
second principal component (PC2) spectrum cal-
culated from the spectral image of the particle in 
Fig. 2a. The high intensity pixels in Fig. 2b show 
the similar regions compared to PC2 spectrum. 
As with the various spot analyses, Si, O, C, Al, 
Fe, Ca, K, Mg and Cu were detected. By experi-
ence and the first principal component of spectral 
image (PC1), it was known that incidences of Cu 
were from background scattering of the sub-
strate grid. The other elements of PC1 were C, 
O, Cr, and Si, and they were distributed evenly 
amongst background and particles. Although Ti 
and Na were not found, the detected elements 
corresponded with the composition measured by 
Vlasenko et al. (2005), and with that provided 
by the supplier of the ATD: SiO2, Al2O3, Fe2O3, 
Na2O, CaO, MgO, TiO2 and K2O.
Before the SOA formation, a bimodal distri-
bution was observed for the pure ATD with the 
first mode geometric mean diameter (GMD) of 26 
nm and second mode GMD of 114 nm (Fig. 3b). 
A similar bimodal distribution for the wet-atom-
ized ATD was observed by Gustavsson et al. 
(2005), who speculated that water-soluble species 
in the mineral dust collected from the ATD form 
the first mode, and that the second mode consists 
of the actual mineral dust. The water-soluble 
mode composition of the ATD was analysed by 
Vlasenko et al. (2005), who found that this mode 
comprises about 2% of the particulate mass and 
consists mostly of sulphates. However, as the 
mass of these first-mode particles is substantially 
low, this fraction is likely not observed by the 
AMS due to the detection limits of the method 
(further discussion of this is provided below).
With α-pinene ozonolysis the particle number 
size distribution changed dramatically (Fig. 3). 
The total number concentration increased from 
8000 to 12 600 cm–3 after the SOA addition, 
evidence that new-particle formation occurred. 
Interestingly, sub-20 nm diameter particles were 
not observed after α-pinene ozonolysis (Fig. 3a), 
even though the clear increase in total number 
concentration provides evidence that new parti-
cles were formed. We hypothesize that newly-
formed particles grew rapidly to a diameter of 
~30 nm and where therefore not detected by the 
SMPS during this period. This phenomenon of a 
very rapid initial growth of newly-formed parti-
cles from α-pinene ozonolysis was also observed 
by Winkler et al. (2012). In addition to forming 
new particles, low-volatility organic compounds 
Fig. 2. (a) TEM bright field 
image of an atD particle. 
(b) high intensity pixels 
show a reconstruction of 
the second principal com-
ponent (Pc2) of multivari-
ate analysis on the eDs 
map of the particle area 
and background. the 
combined element spec-
trum is shown on the left. 
according to the analy-
sis, the particle is com-
posed of c, o, al, si, K, 
ca and Fe. the cu peaks 
at approximately 0.9, 8, 
and 9 kev in the particle 
spectra were due to back-
ground scattering from the 
sample grid.
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condensed onto the smaller-mode ATD particles 
(water soluble salts), reaching a geometric mean 
diameter of ~60 nm, as well as onto the larger-
mode ATD particles (> 100 nm). This resulted 
in an external mixture of SOA-coated salts, 
SOA-coated mineral dust and pure organic par-
ticles. Note that the number concentration did 
not increase in the size range above 100 nm, and 
thus a great majority of these particles were very 
likely SOA-coated dust.
Measurements of mass-averaged chemical 
composition by HR-TOF-AMS during SOA-
exposure showed that organics dominated the 
particle composition following α-pinene ozo-
nolysis (Fig. 4). However, it is important to note 
that the instrument cannot detect dust minerals, 
nor can it detect particles smaller than ~30 nm in 
diameter. Particles contained small amounts of 
water-soluble salts such as sulphates and nitrates 
(Fig. 4), consistent with those compounds being 
primarily associated with the smaller water-solu-
ble mode. The O:C ratio of the condensed SOA 
material derived from HR-TOF-AMS measure-
ments was 0.4 ± 0.1.
As speculated, the ATD particles below 
120 nm in diameter most likely contained water-
soluble salts (e.g. sulphates) from dust itself, as 
the measured hygrocopicities were higher than 
the value of 0.025 observed by Kumar and col-
leagues for dry-synthesized ATD. The hygrosco-
picity of SOA-coated dust particles was roughly 
four times higher than that of dry-synthesized 
dust particles at diameters greater than 80 nm, 
with a constant k of 0.09 for 100–150 nm diam-
eter particles (Fig. 5a). Thus, the coating had a 
remarkable effect on the ability of dust parti-
cles to act as cloud condensation nuclei. Below 
100 nm, the particles included only organics and 
possible impurities in ATD, e.g. salts (Fig. 5b). 
At this size range, the hygroscopicities of indi-
vidual compounds were similar (Fig. 5a), thus 
providing a non-unique solution to analysis of 
composition by the ZSR technique. For the size 
range from 100 to 150 nm, the value of fov was 
0.6 ± 0.07. For comparison, the average organic 
volume fraction calculated from SMPS volume 
size distributions and AMS organics was 0.56 ± 
0.25, which supports our hygroscopicity-derived 
results.
A simple calculation can provide an estimate 
of how long would it take in the boreal forest 
atmosphere to obtain an organic coating cor-
responding to a fov of 0.6. Observations from the 
Finnish boreal forest show that diameter growth 
rates associated with new particle formation typ-
ically range from 1 to 10 nm h–1 (Kulmala et al. 
2004). If we consider a dust particle with diame-
ter of 150 nm, a characteristic diameter based on 
our observations, then the diameter after growth 
by organics, that is, associated with a fov of 0.6, 
would be 204 nm. Consequently, a growth rate 
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of 1 nm h–1 corresponds to a time of 50 hours to 
grow to this diameter; a 10 nm h–1 growth rate 
would correspond to about five hours of growth 
time.
Conclusions
Arizona Test Dust (ATD) seeds were exposed to 
the gas-phase products from the ozonolysis of 
α-pinene. The particle size-dependent inorganic 
and organic composition and hygroscopic prop-
erties were measured. Dust consisted of nanopar-
ticles of various shapes, and of diameter range 
from 50 nm to 1 µm. Exposure of these particles 
to the reaction products of α-pinene ozonolysis 
resulted in an external mixture consisting of SOA 
and SOA-coated ATD particles. The SOA had a 
measured O:C ratio of 0.4 ± 0.1. The pure dust 
had substantially higher hygroscopicities below 
100 nm because soluble salts (e.g. sulphates) are 
expected to dominate ATD composition over that 
size range. For the ATD + SOA particles with 
diameters from 100 to 150 nm, hygroscopicities 
were enhanced by a factor of four as compared 
with pure ATD with an observed SOA fraction of 
~0.6 and average k of 0.09. These observations 
confirm that insoluble particulate matter such 
as dust can act as a condensation or deposition 
surface for the low-volatility products of VOC 
oxidation in atmosphere. The resulting SOA can 
remarkably enhance the dust hygroscopicity and 
thereby increase the ability of the particle to act 
as a CCN.
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